The total photoabsorption cross section for 7 Li, C, Al, Cu, Sn, Pb has been measured in the energy range 300-1200 MeV at Frascati with the jet-target tagged photon beam. A 4 NaI crystal detector and a lead-glass shower counter were used, respectively, to measure hadronic events and to reject the electromagnetic background. Data above 600 MeV clearly indicate a broadening of higher nucleon resonance peaks in nuclei and a reduction of the absolute value of the cross section per nucleon with respect to the free-nucleon case. This large broadening suggests a strong influence of the nuclear medium in the resonance propagation and interaction, while the systematic reduction of the measured cross sections might be due to a depletion of the resonance excitation strength and to the onset of the shadowing effect around 1 GeV. Moreover, our systematic study indicates that also the ⌬-resonance excitation parameters are not the same for all nuclei, being its mass and width increasing with the nuclear density.
I. INTRODUCTION
The total photonuclear absorption cross section has been measured over broad mass number and photon energy ranges, yielding information on the influence of the nuclear medium on the intrinsic properties of nucleons in nuclei, as well as on the hadronic nature of the photon ͓1͔.
Between 140 and 500 MeV, the total cross section per nucleon clearly exhibits the presence of the P 33 (1232) resonance ͑⌬ resonance͒ in nuclei. This is not a trivial statement considering the composite structures of the nucleon and the ⌬ resonance in terms of quarks and gluons: in general when such extended systems may overlap, their excitation spectra change as compared to the ones for isolated objects.
Previous data for various nuclei show that the shape and the strength of the resonances are nearly constant within the systematic errors of different experiments ͑which were typically of about 8-10 %͒, thus indicating an incoherent volume-photoabsorption mechanism. The average response of bound nucleons differs from that for the free nucleon, mainly because of the Fermi motion, the Pauli blocking, and the propagation and interaction of the ⌬ resonance in the nucleus. The process has been generally treated in the framework of ⌬-hole models ͓2͔ where the total strength of the interaction is conserved. Moreover, it is worth mentioning that none of the experiments performed a systematic study of the process because each of them was only able to provide reliable data over a limited range of mass number. Then, differently from the pion-absorption experiments ͓3͔, in the study of the photon absorption no accurate experimental information was available on the possible influence of nuclear medium parameters like the size of the nucleus or the nuclear density on the first nucleon resonance excitation.
Until few years ago, much less information was available on the photoexcitation in nuclei of the higher mass nucleon resonances ͑N* resonances͒: sparse data were collected at Yerevan with large acceptance over the actual photon energy and with fluctuations well above the experimental errors ͓4,5͔. Recently, the total nuclear photoabsorption crosssection measurements carried out at Frascati with 200-1200 MeV tagged photons on 238 U ͓6͔, Be and C ͓7,8͔ have shown that in these nuclei the excitation peaks of the D 13 (1520) and F 15 (1680) resonances disappear, differently from the case in hydrogen ͓9͔ and deuteron ͓10͔, and that above 600 MeV there is a reduction of the absolute values of the cross section per nucleon with respect to those obtained from the deuteron data. On the contrary, the ⌬-resonance peak is only slightly distorted in the nuclei, in agreement with the data available in the literature ͓1͔. These experimental findings have been confirmed by the contemporary data on the photofission cross section of 238 U ͓11͔ and 235 U ͓12͔ obtained at Mainz up to 800 MeV. This paper reports upon the complete analysis of the photoabsorption data obtained at Frascati on 7 Li, C, Al, Cu, Sn, Pb, using a tagged photon beam and the photohadronic method. In previous papers we published the preliminary and low statistic data obtained on C and CD 2 ͓8͔ and the average nuclear behavior ͓13͔ of the total photoabsorption cross section.
II. THEORY

A. ⌬-resonance region
The dominant feature of photon interaction above the threshold ͑140ϽkϽ500 MeV, being k the energy of the photon͒ is the ⌬-resonance excitation. Consequently photoninduced nuclear reactions in this energy region depend directly upon the dynamics of ⌬-resonance propagation through the nucleus. Pion-absorption and -scattering experiments suggested that this mechanism can be treated in the framework of a ⌬-hole model in which the ⌬ resonance is generated as a quasiparticle, propagates in the nucleus and interacts with nucleons through an empirical complex nuclear potential composed by central and spin-orbit terms.
The former term is proportional to the nuclear density and its real part is responsible for the mass shift of the ⌬ resonance, while its imaginary part is responsible for the broadening of the ⌬-resonance peak. The parameters of this complex potential are generally derived from the pion-nucleus elasticscattering amplitude and have also been successfully used in the photon absorption and Compton scattering processes ͓2͔. Differently from the pion, the photon penetrates freely into the nuclear volume, so that the cross section is expected to be roughly proportional to the mass number A.
Recently Carrasco and Oset ͓14͔ developed a microscopical model with a systematic many-body expansion in the number of ⌬-hole excitations and with the inclusion of Pauli blocking, Fermi motion, and nonresonant absorption channels: in Fig. 1 we compare the results of their calculation for the free nucleon, carbon, and lead. As it is seen the reduction and the shift of the peak and the increasing of the width are larger for the heavier nuclei.
B. N*-resonance region
The recent Frascati and Mainz photoabsorption data on nuclei above the ⌬-resonance region ͑kϾ500 MeV͒ have triggered different theoretical attempts to describe the higher nucleon N*-resonance behavior and justify why the elementary photonucleon absorption process is so widely modified inside the nuclei. Due to the large number of absorption channels and to the different dynamics and decay channels of N* resonances, only simplified and very schematic models have been developed. Kondratyuk et al. ͓15͔ tried to reproduce the experimental photofission cross section on 238 U ͓6͔ by using a simple phenomenological model where the produced resonance propagates inside the nucleus until it interacts with the surrounding nucleons. Due to these collisions, the mass and the width of the resonance increase in the nuclear matter. In order to reproduce the experimental data the authors found it necessary to use a higher collision cross section for the N* resonances in the nuclei, producing a larger broadening of the D 13 and F 15 resonances with respect to the ⌬ resonance. Alberico et al. ͓16͔ found similar results by employing a simple resonance-hole model and assuming that the nuclear medium strongly increases the width of all resonances above the ⌬ resonance. In both approaches the strength of the excitation of ⌬ and N* resonances is conserved but spread out over a wide energy range. These two models were able to reproduce our previous photofission cross-section data on 238 U, which can be assumed to be almost equal to the total cross-section ones.
Other approaches assumed that the excitation of nonspherical resonances ͑like the D 13 and F 15 resonances͒ are affected by the presence of surrounding nucleons, contrary to the case of the ⌬ resonance which is a simple internal spinflip excitation of the nucleon. Using a nonrelativistic quark model with an oscillator potential that accounts for the quark exchange between the overlapping nucleons, Giannini et al. ͓17͔ have predicted a non-negligible depletion of the excitation strength of the higher mass resonances inside the nuclei ͑specifically an 11% of depletion for D 13 resonance and 23% for the F 15 resonance͒, when infranucleon distance is about 1 fm. On the contrary, Akulinichev et al. ͓18͔ , employing a similar nonrelativistic quark model and short-range repulsion to analyze the suppression mechanism for the D 13 -resonance excitation due to the overlap of nucleons, concluded that this effect should be negligible.
C. Shadowing region
At energies above the nucleon resonance region ͑kϾ2 GeV͒ the absorption of photons in nuclear matter has been generally considered on the vector-meson dominance ͑VMD͒ assumption, in which the photon first converts itself into a vector meson V and then interacts with hadronic matter. The shadowing effect arises when a photon of energy k fluctuates into a vector meson of mass m V and propagates for a length l V ϭ2k/m V 2 close to the nuclear dimension so that there is a non-negligible probability that its interaction is hadroniclike. Earliest simple VMD models ͓19,20͔ considered the photon as a superposition of a bare photon and the low-lying vector mesons Vϭ,, and were able to reproduce the photonuclear absorption cross-section behavior in the few GeV domain: they predicted a 10-20 % shadowing effect around 2-3 GeV. More sophisticated models ͑gener-alized vector dominance͒ ͓21,22͔ included higher mass vector mesons and nondiagonal terms in order to better explain higher-energy photoabsorption data and virtual photon absorption in deep-inelastic electron scattering. Recently Piller et al. ͓23͔ assumed, for the intermediate hadronic state, the mass spectral function related to the cross section of the e ϩ e Ϫ →hadrons processes, which includes at low energy the ϩ Ϫ nonresonant production and the low-energy tail of the broad meson peak. These low-mass hadronic components could lower the energy threshold for shadowing which then results significant at energy as low as 1 GeV, i.e., in the nucleon resonance region.
Finally, it is worth mentioning that about 20 years ago, Weise provided a sum rule which, employing a dispersion relation approach to reconcile the data for the enhancement factor value observed in the photoabsorption below 140 MeV and the shadowing effect observed above 2 GeV, suggested a strong nuclear medium effect in the whole resonance region ͓24͔.
In order to disentangle from these and other possible explanations, one needs an accurate knowledge of the absolute value of the photoabsorption cross section in the nucleon resonance region, over a broad range of mass numbers.
III. EXPERIMENT
The measurements were carried out at Frascati using the jet-target tagged photon beam ͓25͔. Details of the facility are described elsewhere ͓8,26͔.
The total photoabsorption cross section on nuclei was measured using the photohadronic technique. This technique provided a direct and absolute determination of the photoabsorption cross section by measuring the production rate of hadronic events, and rejecting the preponderant electromagnetic events mainly by an angular separation. In fact, while the hadronic events are more largely distributed in angle, the electromagnetic event distribution is strongly peaked in the forward direction and therefore can be suppressed by using a high efficiency electromagnetic shower detector as a veto counter.
A. Detectors
As a hadron detector ͑HD͒ we used a cylindrical NaI crystal annulus ͑32 cm long, 15 cm thick, and 5 cm of internal diameter͒ made of three sectors surrounding the target.
With the target set in the center of the detector, the angular coverage was 9°ϽϽ171°for the polar angle and almost 2 for the azimuthal one ͑which correspond to more than 98% of total coverage in the laboratory system͒. Lightemitting diodes installed on each crystal allowed to monitor regularly the gain stability. The HD provided a good measurement of the final-state total energies for the hadronic events, which were remarkably higher than those for the electromagnetic events in the solid angle defined by the HD detector.
The shower detector ͑SD͒ set about 70 cm downstream the target, consisted of a dense SF6 lead-glass cylinder, 30 cm long and 12 cm in diameter. The large detector thickness ͑19 radiation lengths͒ provided an efficiency equal to one for detecting electromagnetic showers; moreover, its good energy resolution (/E) ͑better than 5% for 1.2-GeV photons͒ made it possible to set the threshold appropriately and safely. The stability of the SD response was periodically checked by monitoring in coincidence the peak positions of four tagging channels. A lead collimator, 20 cm long and 8 cm diameter, was placed between the HD and the SD for defining a maximum polar angle of 4.2°for electromagnetic events at the target center. Moreover the Cerenkov light emission process in the SD provided a good rejection of the low-energy hadrons which might reach the SD.
B. Targets
We used solid targets in the form of circular disks, 3 cm in diameter and thickness about 0.1X 0 for C, Al, Cu, Sn, and Pb and 0.025X 0 for Li, X 0 being the radiation length ͑the actual thicknesses are given in Table I͒ . The targets were individually mounted on frames and moved into and off of the photon beam. Due to the finite thickness, T, of the target the effective photon beam was partially attenuated by electromagnetic interaction: specifically the average photon transmission before the hadronic interaction was
where is the photon attenuation coefficient. The calculated values of the average photon transmission for this experiment ranged from 99.1% for Li to 96.5% for heavier nuclear targets. Additional runs with different thicknesses ͑0.025X 0 and 0.05X 0 ͒ did not show any additional thickness effect. In order to reduce possible effects due to changes of stored electron beam, data for all the targets were collected for each fill of the machine and the electrons were always reinjected into the storage ring only after the completion of one or more measurement cycles. Empty-target measurements were regularly interspersed inside a complete cycle of solid-target runs and then subtracted. The empty-target yield was roughly equivalent to ϳ0.8 g cm Ϫ2 of carbon, which amount to about 20% of the total event yield. This background could be mainly ascribed to the interactions on the windows, on the air along the beam path before the target, and on the target frame. The number of collected events and the off-line corrections for the different energies are given in Table I .
C. Electronics
The signals from the 16 tagging channels in coincidence with the SD, were recorded on scalers providing the photon beam flux N ␥ (k). The hadronic events N H (k) were signed by the coincidence between the tagging and the HD signals, vetoed by the SD signal above a threshold fixed for each energy. They were also counted with an additional scaler. The random coincidences on both coincidences due to the electron beam time structure were on-line measured and subtracted. After this subtraction we obtained the yield Y (k), derived from the scaler counts as follows:
where A is the mass number, N A is the Avogadro number, x is the target thickness.
D. Measurement
We covered the photon energy range from 300 to 1200 MeV with four different electron beam energies E 0 ϭ1500 MeV, E 0 ϭ1200 MeV, E 0 ϭ850 MeV, E 0 ϭ730 MeV, which ensured large overlapping regions of photon energy. Running conditions, such as HD and SD discriminator thresholds, were adjusted to optimize the efficiency of hadron detection and of the electromagnetic suppression for the different beam energies. The random to true coincidence ratio was maintained ϳ10% by keeping the tagged photon beam at a constant rate of ϳ10 4 photons/s. Moreover we checked the random coincidence subtraction procedure by deriving the yield at very different photon intensities: no additional rate effect was found when changing the intensity of tagged and untagged photons up to a factor of 5.
IV. PROCEDURE AND RESULTS
The yields were very close to the absolute values of the total cross section. In fact, small off-line corrections were needed to account for ͑i͒ the loss of hadronic events emitted in the forward hole of the HD or with energy below the HD threshold, ͑ii͒ the HD contamination due to electromagnetic events which give signals above the HD threshold and are not vetoed by the SD, and ͑iii͒ the loss of hadronic events due to pulse heights above the SD threshold simulating e.m. events.
In order to properly calculate these corrections, particular care was devoted to study the apparatus response function.
Photoproduction of hadronic events on the target, was simulated by using a Monte Carlo program based on a cascade-evaporative model ͓27͔. This code describes the photon interaction with nucleons through the quasideuteron process and the one-pion and two-pion production processes in resonant and nonresonant states and thus can be applied to the photoabsorption of up to 1.2 GeV photons. Hadrons photoproduced and residual nucleus excitation are the output of the cascade stage of the photonuclear interaction; successively the excited residual nucleus emits low-energy evaporation nucleons or light nuclei.
The response function of the hadron detector to the generated hadronic events was studied with a GEANT-3 code modified to correctly take into account the hadronic cross section in NaI for protons, neutrons, and charged pions. This code was implemented with the inclusion of the energyrange tables in NaI for protons and pions at energies below 1 GeV ͓28͔. Figure 2 shows the simulated HD response functions to the hadrons photoproduced on C by 600-1200 MeV photons. The spectrum shows a broad peak at ϳ200 MeV, which is due to hadronic events with at least one pion in the final state, while the structure around 80 MeV is due to the small fraction of events with no pion in the final state. Also shown in the figure is the measured spectrum which results in good agreement with the hadronic simulation above the threshold. Under the threshold the measured spectrum is higher because it also included electromagnetic events.
We also simulated the electromagnetic processes with a modified version of the code which correctly accounts for the measured angular distribution of pair production in the energy range of interest both in nuclear and atomic fields. Moreover, we also implemented the code with the Cerenkov photon emission, the attenuation in the lead glass of the Cerenkov light, and the spectral response of the photomultiplier tube ͑PMT͒.
Monte Carlo corrections for the finite angular acceptance of the HD and for the possible contamination due to the electromagnetic events not vetoed by the SD, were experimentally tested by varying the HD solid angle; this was performed by moving upstream and downstream the targets inside the HD. Figure 3 shows the average yields measured at two beam energies ͑E 0 ϭ1.5 GeV and E 0 ϭ0.85 GeV͒ for different tin-target positions, as a function of the uncovered forward solid angle Ӎ2 2 , which corresponds to the forward hole of the HD. The arrow indicates the missing solid angle for the target at the center of the HD, that corresponds to the standard position used for the cross-section measurements. The Monte Carlo predictions have been parametrized by a function of the form aϪb 2 ϩ(c/ 2 ), where a is the total hadronic cross section for an ideal 4 hadron detector, Ϫb 2 represents the loss of hadronic events in the forward hole of the HD, and ϩc/ 2 represents the contamination of electromagnetic events due to the e ϩ e Ϫ pairs produced in the target. As shown, the latter becomes relevant only when the target is moved very upstream to positions which correspond to very small 2 values and the HD solid-angle coverage approaches 4. The values deduced from this measurement for both these corrections well agree with the predictions of the Monte Carlo calculations.
The rejection efficiency due to the angular acceptance of the SD was also evaluated by changing the radius of the collimator placed in front of it and compared with the Monte Carlo prediction. Figure 4 shows the average yields from a tin-target measured at two electron beam energies ͑E 0 ϭ1.5 GeV and E 0 ϭ0.85 GeV͒ as a function of the forward solid angle Ӎ2 s 2 covered by the SD. The arrow indicates the standard solid angle for the cross-section measurements. The two curves, that represent the Monte Carlo predictions, have been parametrized as dϩe/ s 2 and well agree with the experimental points. As it is shown, the hadronic cross section d is constant in a wide range of forward angles thus indicating that the electromagnetic events were adequately and safely suppressed by the veto counter. The increase of the yields predicted for small angles ͑e/ s 2 term͒ is ascribed to the low-energy showers generated inside the collimator, which produce a signal below the SD veto threshold. The good agreement between the Monte Carlo predictions and the experimental results confirms a high reliability of the calculated corrections for both the hadronic and electromagnetic events. Table I lists the average values of the Monte Carlo corrections with respect to the yields, for the different energies and for all the studied nuclei.
In Fig. 5 the comparison between the yield and cross section is shown for the aluminum target, together with the total software corrections: the latter decrease from about 15 to about 5 % while the energy increases.
In Table II are given the total cross-section values normalized to the mass number A for the six studied nuclei together with the statistical errors. Also given are the weighted averages of data points which can be considered as the cross sections on an ''average nucleus'' with Z/A ϭ0.465, N/Aϭ0.535, density ϭ0.101 nucleons/fm 3 and Fermi momentum p F ϭ232 MeV/c, i.e., an ''aluminumlike'' nucleus. The plots of these data are shown in Fig. 6 with statistical errors only, while systematics errors are represented by the bands in the bottom.
Good overlaps were observed between the data collected at different energy sets, and this evidenced the good control of the systematic errors. These were essentially due to uncertainties in the photon beam flux ͑Ӎ2%͒, the target thickness ͑ϳ0.5-1.5 %͒ and mainly the calibration and threshold efficiency of both the shower and hadron detectors ͑above 600 MeV this contribution is constant with energy and increases from Ӎ2% to Ӎ6.5% with the target mass number A, while, in the ⌬-resonance region, where it depends both on energy and A, it varies from Ӎ4.5% to Ӎ7.5%͒. In conclusion, the total systematic errors increase with A from Ӎ3% to Ӎ7% in the D 13 -and F 15 -resonance regions and vary from Ӎ5% to Ӎ8% in the ⌬-resonance region.
V. ANALYSIS AND DISCUSSION
Total photonuclear cross sections can be considered as a convolution of resonant and nonresonant production processes on individual nucleons smeared by nuclear medium effects. To extract informations on the latter ones, we adopted the phenomenological procedure previously used by some of us ͓15͔: we first determined the resonance masses, widths and excitation strengths by fitting the proton and neutron data, then we fitted the nuclear data using the same analytical expression with some free parameters. With respect to the previous procedure we adopted the following improvements: we used a better Breit-Wigner parametrization of the resonances, a more accurate determination of neutron cross-section values from the deuteron data, a different nonresonant pionic background parametrization, and more precise nuclear densities. Moreover we also considered the contribution of quasideuteron background, of nuclear effects ͑like resonance mass shifts and suppression͒, and of the shadowing effect.
A. Free-nucleon parametrization
In order to determine the resonance masses W r , widths ⌫ r , and strengths I r , we fitted the proton data available in the literature ͓9,29͔ to a sum of six Breit-Wigner resonances plus a smooth background. The six resonances parametrized in the fit can be identified as the P 33 (1232) ͑⌬ resonance͒, P 11 (1440), D 13 (1520), S 11 (1535), F 15 (1680), and F 37 (1950) , which give the main contribution to the total ␥N cross section. We expressed the Breit-Wigner resonances in the form given by Walker ͓30͔ which is correct at least for the one-pion-decay channel: 
IϭI r ͩ
where
and W is the c.m. energy; K and q are the momenta of the photon and single-pion decay in the c.m. frame, and the suffix r refers to the values at the resonance mass W r ; J ␥ and l are their angular momenta. The damping parameter X for free protons was set equal to 0.35 GeV for all the resonances except for the ⌬ resonance for which the value Xϭ0.15 was used.
To take into account the nonresonant one-, two-and multipion production, we also considered in the fit a background parametrization of the simple form:
which has the correct Regge energy asymptotic behavior and include the pion photoproduction threshold energy k 0 . The values a 1 and a 2 were fixed by matching with the results of high-energy data ͑kу2 GeV͒ ͓9͔ resulting for the proton
. Therefore the fit function was Fϭ ͚ r I͑I r ,W r ,⌫ r ͒ϩ B ͑ a 1 ,a 2 ͒. ͑7͒
In Fig. 7͑a͒ it is shown the comparison between data on proton and the fit, together with the single contributions of the different resonances and background. In order to extract the total cross section on free neutron we performed a fit to the deuteron data ͓10,29͔. In this fit we used the same parametrization as for the proton plus an additional nonresonant photodisintegration cross section background which gives a non-negligible contribution mainly in the ⌬-resonance region; this has been extracted from total photodisintegration cross-section data and resulted well in agreement with the theoretical prediction which include meson exchange current with no isobar terms ͓34͔. More details about this nonresonant photodisintegration contribution will appear in a forthcoming paper. The nonresonant pionic background parameter resulted for the deuteron a 1 D ϭ175 b, a 2 D ϭ135 b GeV 1/2 and were derived from high-energy data ͓10͔. Moreover we assumed W r n ϭW r p and ⌫ r n ϭ⌫ r p , while the resonance couplings I r , which in principle could be different, were derived from deuteron and proton resonance parameters as follows:
͑8͒
Then the neutron cross section has been derived from the experimental deuteron and proton data:
This is shown in Fig. 7͑b͒ together with the fit performed on the neutron data.
The resonance parameters W r , ⌫ r , and I r deduced from the proton and deuteron fits and I r derived for the neutron are shown in Table III . Figure 8 shows the integrated strength values, ⌫ r I r , for proton and neutron provided by our fit, together with the values calculated by Armstrong et al. for the proton ͓9͔ and the ranges given by the Particle Data Group ͑PDG͒ ͓32͔. This comparison shows general good agreement between the values obtained from our fit and those given by the PDG and point out the improvement respect to the Armstrong et al. results for resonances higher than the ⌬ resonance. Moreover, we found that the ⌬-and D 13 -resonance excitation strengths are approximately the same for the proton and the neutron, while the F 15 -resonance amplitude is strongly suppressed in the neutron in agreement with the quark model predictions for the electromagnetic coupling of the resonances. The remaining three resonances are less excited and less well defined. Their parameters are more dependent on the background parametrization but the values we found are still consistent with the PDG values.
B. Nuclear medium effects
The resonance parameters obtained from the fits to the free-nucleon data shown in Table III are a suitable input for the fit to the bound nucleon data. In order to extract information about the resonance behavior in nuclei, we considered the following processes.
͑i͒ The quasideuteron process, which was parametrized using the Levinger expression ͓33͔: where k is the photon momentum, L is the Levinger factor, Dϭ0.06 GeV is a damping factor, and D is the nonresonant photodisintegration cross section on the deuteron. Within this parametrization isobar degrees of freedom are included in the Breit-Wigner term only. ͑ii͒ The Fermi motion, which produces a smearing of the resonance peak by increasing its width and suppressing its maximum of a quantity S F depending on the Fermi energy of the nucleus ͑⑀ F ϭ20-40 MeV͒. This approximation has been shown to be valid in the description of nucleon resonances in nuclei where the peaks are hundreds of MeV broad, that is about 1 order of magnitude bigger than the kinetic energies of nucleons inside the nucleus ͓15͔. This effect has found to increase the resonance full widths in nuclei of about 10-15 %.
͑iii͒ The Pauli blocking, which arises because of the occupation by other nucleons of the momentum space below the Fermi momentum, thus reducing the space phase available for the resonance decay products. This effect increases the resonance lifetime and decreases its width of a quantity B P identified with the solid angle formed in the resonance rest frame by the allowed nucleon directions ͓15͔. For an average density nucleus, B P is computed to be 0.77 for the ⌬ resonance and about 0.90 for higher resonances.
It is to point out that the ͑ii͒ and ͑iii͒ contributions partially compensate for each resonance.
͑iv͒ The propagation and interaction of the resonance in the nuclear medium which reduces the lifetime of the photoproduced resonance thus increasing its width. In analogy with the ⌬-resonance propagation in nuclei, the medium effects on the N*-resonance propagation have been described by a phenomenological potential whose real and imaginary parts are related to the shift of the mass ␦M and to the broadening ␦⌫ of the resonance. Introducing an optical pseudopotential for the N*N interaction, ␦M and ␦⌫ are proportional to the real and imaginary part of the forward N*N scattering amplitude f N * N (0) and to the density of the nuclear medium 0 :
Using the optical theorem we deduced ␦⌫ϭ 0 *v␥, where v is the propagation velocity, ␥ is the Lorentz factor, and * is the total cross section of the resonance-nucleon interaction.
More details of these nuclear effects and their influence on the resonances behavior in the nuclear medium, have been described elsewhere ͓15͔.
Taking into account the above-listed processes, each resonance in the nuclear medium was parametrized by a total width ⌫ and mass M :
In the fits to the total cross sections on nuclei we used W r , ⌫ r , and I r obtained from the fit to the proton and neutron data, and the computed values for B P and S F , while ␦⌫ ͑or *v͒ and ␦M were free parameters. In order to decrease the total number of free parameters we assumed ␦M ϭ0 for all the resonance except for the ⌬ resonance. This because the ⌬ resonance in the nuclear medium is dominant and much narrower than the other resonances and even a small shift of its mass contributes very significantly to the 2 value.
Moreover, we used only two ␦⌫ as free parameters: one for the ⌬ resonance and a common one for all other resonances. As our data cover the mass range 1.20ϽWϽ1.75 GeV, in order to cover the whole ⌬-resonance energy region, we used data available from previous experiments in the range 1.14 ϽWϽ1.20 GeV, so that the lower limit is the same as for the proton and neutron data fit. Specifically, we used lithium data ͓34͔ for lithium, carbon data ͓35,36͔ for light nuclei, and lead data ͓36͔ for heavy nuclei. In the energy range explored it is expected that the photonuclear cross section changes smoothly with the macroscopic nuclear parameters like the density or the mass number. Moreover, as it will be discussed later, we found necessary to include in the model a reduction mechanism of the cross section in order to reproduce the data at higher energies. Therefore, we first derived the ⌬N and N*N cross sections through an accurate comparison of the models to the data, and then studied the dependence on the nuclear density. In order to provide the better determination of these cross sections, which are independent from nuclear parameters, we used the ''average nucleus'' data as a typical nuclear photoabsorption data.
The results of the fit to the ''average nucleus'' total cross sections are shown in Fig. 9 together with the separate resonant, quasideuteron, and background contributions. The best description of the data was found for ␦M ⌬ ϭ38Ϯ1 MeV and *v ⌬ ϭ35Ϯ1 mb, for the ⌬ resonance and *v N * ϭ135 Ϯ5 mb in average for the other N* resonances. While the *v ⌬ value is in fair agreement with the one derived from the NN→⌬N processes, the value found for the other resonances violate the unitarity limit which requires *v N * р80 mb ͓15͔.
To better investigate the broadening and the shift of resonance structures we studied the ratio of the bound nucleon to free-nucleon cross sections which strongly depends on these effects. In particular either a broadening or a shift produce an oscillating behavior of this ratio. Figure 10͑a͒ shows the ratio between the measured ''average nucleus'' data and the fit to the free nucleon, together with the ratio computed with the above-described model. Also shown are the prediction of the model in the case of no shift for the ⌬ resonance (␦M ⌬ ϭ0) and no broadening (␦⌫ ⌬ ϭ␦⌫ N * ϭ0) due to the resonance interaction ͑Pauli blocking and Fermi motion only͒: as it is seen the propagation and interaction of resonances are really needed to explain the data up to 1.2 GeV. Moreover, from the figure it results that the used resonance broadening leads to an antishadowing behavior at higher energies with a large overestimate of data above 2 GeV ͓37͔.
The violation of the unitarity limit and the antishadowing behavior can only be cured introducing an effective reduction of the cross section in the resonance region. Two processes have been suggested to justify this reduction: ͑i͒ the existence of a dynamical mechanism which partially inhibits the excitation of nucleon resonances in nuclei, causing a reduction of I r in nuclei ͓17͔; ͑ii͒ the onset of nuclear shadowing ͓38͔, which causes a reduction of the total cross section. It is worth pointing out that in the framework of this model no resonance effects are considered.
Solid line of Fig. 10͑b͒ shows how the inclusion of these two effects makes it possible to cure the discrepancy with data at high energy. Moreover, in this case, the cross section ⌬N remains almost unchanged, being *v ⌬ ϭ34Ϯ1 mb, while the one for higher resonance is strongly reduced, resulting *v N * ϭ80Ϯ4 mb, in reasonable agreement with the unitarity limit.
Finally Fig. 11 shows how well the average values of our result on C and Pb in the F 15 -resonance energy region agree with the low-energy prediction of a recent shadowing model ͓38͔, while older and simpler shadowing models give very different evaluations of the shadowing threshold region around 1 and 2 GeV, mainly due to different meson crosssection parametrization ͓19,20͔. Shadowing effect is quantitatively evaluated by the parameter A eff /Aϭ A /(Z p ϩN n ) which represents the effective number of nucleons seen by the incoming probe. FIG. 9 . Total cross-section data: our data on the average nucleus ͑solid circles͒ are compared with previous data on C ͑open circles͒ and Pb ͑open triangles͒ measured with a similar experimental technique ͓36͔. Also shown are the phenomenological fit ͑thick line͒ and the resonant and nonresonant separate contributions ͑thin lines͒ of the P 33 ͑1͒ and D 13 ͑2͒ excitation, pionic background ͑3͒ and quasideuteron background ͑4͒.
C. Nuclear density effect
As previously mentioned, nuclear medium effects are generally expected to depend on nuclear parameters like the average nuclear density (A) or the mass number A. To check this expectation we fitted the total cross-section values obtained on different nuclei for each invariant mass W with a linear function of the nuclear density A (W)/A ϭb(W)[1ϩ␤(W)(A)]. In the fits we assumed that the average nuclear densities were (A)ϭ3A/4R 3 with R 2 ϭ5͗r 2 ͘/3, ͗r 2 ͘ being the rms electron-scattering radius of the nucleus ͓41͔.
In Fig. 12 are shown all the linear coefficient values, ␤(W), obtained from our data together with the ones obtained from the data measured at higher energies on the same nuclei ͓9͔, except the lithium. As shown the qualitative energy behavior for the ␤(W) parameter is very close to the one obtained for the ratio of cross sections shown in Fig. 10 , thus experimentally indicating that nuclear medium effect really increases with the nuclear density, at least up to the D 13 -resonance region. In the F 15 -resonance region, where the nonresonant background is large and where many resonances overlap, no definite indication can be derived.
It is worth mentioning that we also fitted our data to a power law A (W)/Aϭa(W)A ␣(W) : the result for the energy dependence of the ␣(W) parameter was very similar to the one for the ␤(W) parameter but with a worse total reduced 2 ͑1.62 against 1.03 of the density fit͒.
For a more quantitative evaluation, the same procedure used to fit the average-nucleus cross-section data was employed to fit the data for the different nuclei, in order to extract ␦M ⌬ , ␦⌫ ⌬ , and ␦⌫ N * for each nucleus. The results obtained are plotted in Figs. 13͑a͒ and 13͑b͒ versus the nuclear density: as it is seen a nice linear behavior is found in agreement with the prediction of the model ͓see Eqs. ͑11͒ and ͑12͔͒.
Therefore it is reasonable to conclude that, due to the resonance propagation and interaction, in the photoabsorption on nuclei the ⌬-resonance mass increases with the nuclear density up to few tenths of MeV, the ⌬-resonance width up to several tenths of MeV, while the averaged N*-resonance width up to few hundreds of MeV.
VI. CONCLUSION
We have measured the total photoabsorption cross section for several nuclei in the energy range 300-1200 MeV, using the photohadronic technique with a 4 NaI detector to detect hadronic events and a lead-glass counter to tag the electromagnetic ones. From the comparison between the new re- sults for nuclei and previous data for the free nucleon, we deduced several effects due to the nuclear medium.
͑a͒ The ⌬-resonance mass and width increase almost linearly with the nuclear density. This means that ⌬-resonance photoexcitation, like ⌬-resonance hadron-excitation, has not an ''universal'' nuclear behavior.
͑b͒ Nuclear medium effects produce a larger broadening of the peak for higher nucleon resonances. This broadening increases linearly with the nuclear density and can be explained in terms of a strong hadronic interaction in the propagation of the photoproduced resonances.
͑c͒ At present, no realistic information can be extracted for the mass shifts of the higher resonances in nuclei. Being the nuclear medium effect large for the resonance widths, it would be interesting to look at the possible mass variations for different resonances.
͑d͒ The systematic reduction of the cross section in nuclei above 600 MeV seems to require a reduction of the elementary coupling and this might be considered in terms of a partial depletion of higher nucleon resonance excitation strength and of the onset of the shadowing effect due to the low-mass component in the hadronic spectrum of the photon.
Clearly, detailed microscopic theoretical treatments of higher nucleon resonances, like those developed for the ⌬ resonance are urgently needed in order to describe the data in a less phenomenological framework. Also new experimental data are welcome to fill the existing gap between 1.2 and 1.8 GeV and give a more definitive answer on the threshold and the rising of the shadowing effect.
